Frank–van der Merwe Growth versus Volmer–Weber Growth in Successive Stacking of a Few-Layer Bi2Te3/Sb2Te3 by van der Waals Heteroepitaxy: The Critical Roles of Finite Lattice-Mismatch with Seed Substrates by Hoseok Heo et al.
C
o
m
m
u
n
iC
a
tio
n
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (1 of 7) 1600375wileyonlinelibrary.com
Frank–van der Merwe Growth versus Volmer–Weber 
Growth in Successive Stacking of a Few-Layer Bi2Te3/Sb2Te3 
by van der Waals Heteroepitaxy: The Critical Roles of Finite 
Lattice-Mismatch with Seed Substrates
Hoseok Heo, Ji Ho Sung, Ji-Hoon Ahn, Fereshte Ghahari, Takashi Taniguchi, 
Kenji Watanabe, Philip Kim, and Moon-Ho Jo*
H. Heo, J. H. Sung, Dr. J.-H. Ahn,[+] Prof. M.-H. Jo
Center for Artificial Low Dimensional  
Electronic Systems
Institute for Basic Science (IBS)
37673, South Korea
E-mail: mhjo@postech.ac.kr
H. Heo, J. H. Sung
Division of Advanced Materials Science
Pohang University of Science and Technology (POSTECH)
Pohang 37673, South Korea
Dr. F. Ghahari, Prof. P. Kim
Department of Physics
Harvard University
Cambridge, MA 02138, USA
Dr. T. Taniguchi, Dr. K. Watanabe
Advanced Materials Laboratory
National Institute for Materials Science
1-1 Namiki, Tsukuba 305-0044, Japan
Prof. M.-H. Jo
Department of Materials Science and Engineering and 
Division of Advanced Materials Science
Pohang University of Science and Technology (POSTECH)
Pohang 37673, South Korea
DOI: 10.1002/aelm.201600375
the sequential 2D stacking growth of layered chalcogenides 
have not been systematically addressed to date.[24–27] Here, by 
employing sequential stacking growth of Bi2Te3 and Sb2Te3, we 
demonstrate two distinct vdw growth modes, which are deter-
mined by the strain of the growth substrates, i.e., layer-by-layer 
growth (Volmer–Weber type) on h-BN substrates and 3D-island 
growth (Frank–van der Merwe type) on SiO2/Si substrates.
Bi2Te3 and Sb2Te3 form a rhombohedral (space group R3m) 
crystal symmetry consisting of hexagonally close-packed atomic 
layers. The unit layer in a sequence of Te−Bi(Sb)−Te−Bi(Sb)−Te, 
termed as a quintuple layer (QL), is repeated along the c-axis 
with the lattice constants, a = 4.383 Å and c = 30.487 Å for 
Bi2Te3, and a = 4.250 Å and b = 30.350 Å for Sb2Te3.[28] These 
unit layers are bound weakly to each other by the vdw cou-
pling, but the atoms within the layers are covalently bonded to 
form 2D hexagonal lattices. In our study, a few-QL Bi2Te3 and 
Sb2Te3 crystals were grown by chemical vapor deposition using 
powder precursors. The heteroepitaxial Bi2Te3-Sb2Te3 stacking 
growth was accomplished by sequential growth of Bi2Te3 as the 
first step and Sb2Te3 as the second step for 5 min at each step. 
200 mg of high-purity Bi2Te3 or Sb2Te3 (99.99%) powders were 
placed in alumina boats, then loaded in a hot-walled quartz-tube 
furnace (1.5″ diameter and 12″ long). As the growth substrates 
we used either mechanically exfoliated h-BN[29] transferred 
onto SiO2/Si substrates, or SiO2 (300 nm)/Si. The substrates 
were placed 10 cm downstream from the tube center at the 
appropriate location in the temperature gradient along the 
tube furnace. Prior to heating, the furnace was evacuated to 
10−3 Torr and purged with 100 sccm of high-purity N2 for 30 min 
to eliminate residual oxygen. Then the center of furnace were 
heated to 540 °C for Bi2Te3 growth, within 30 min by flowing 
5 sccm of high-purity Ar flow as a carrier gas at a total pressure 
of 0.1 Torr. Then, the Sb2Te3 growth as the second growth step 
in another tube furnace, where it was heated to 530 °C with Ar 
5 sccm and total pressure of 0.1 Torr for 5 min.
The sequential two-step stacking growth resulted in signifi-
cantly different morphologies of a few-QL Bi2Te3/Sb2Te3 stacks, 
depending on whether the substrate was h-BN or SiO2/Si. 
Figure 1a,b shows the case of Bi2Te3/Sb2Te3 stacking on SiO2/
Si substrates, where the bottom Bi2Te3 layers grow as triangular 
facet crystals, and the top Sb2Te3 layers initially nucleate at the 
Bi2Te3 crystal edge and grow onward on the first layers as tri-
angular facets. The top Sb2Te3 crystals are relatively thick with 
the typical thickness ranged 0–40 nm (9–37 QLs), as shown in 
Integration of dissimilar 2D materials held together by van der 
Waals (vdw) interactions enables exploration of new electronic 
and optical phenomena in 2D solid-state, because coherent 
stacking of dissimilar 2D units can form another new class 
of 2D electronic systems.[1–9] Recent research on stacked het-
erostructures of diverse 2D vdw-layered materials, such as 
graphene, hexagonal boron nitride (h-BN), transition-metal 
dichalcogenides, and other layered chalcogenides, has called 
attention to the large-area integration of such 2D units by con-
ventional gas-phase deposition.[10–15] Typically, vdw heteroepi-
taxy is characterized by the presence of heterointerfaces formed 
on a surface free of chemical polarity or dangling bonds, so the 
coherent epitaxial growth is not strictly affected by strain built 
up by the in-plane lattice-mismatch at the interfaces between 
the two dissimilar crystal planes.[16,17] This means that the vdw 
growth habits are not strongly dependent on the choice of the 
growth substrates in various gas-phase growth methods.[18–23] 
However, the effects of the finite lattice-mismatch during 
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the atomic force microscope (AFM) image in Figure 1b. On 
the contrary, on h-BN substrates (Figure 1c,d), neither the first 
Bi2Te3 nor the second Sb2Te3 crystals formed characteristic tri-
angular facets—see also Figure S1 in the Supporting Informa-
tion. More importantly, each layer was typically atomically thin. 
The second Sb2Te3 layers of 1 QL nucleate at the edge of the 
first layer and the growth propagate layer-by-layer (Figure 2d).
First, we discuss on the first Bi2Te3 layer growth in which 
the crystal morphology was different on h-BN than on SiO2/
Si. On SiO2/Si substrates, a few-QL thick Bi2Te3 were crystal-
lized as triangular or hexagonal facets spanning over a few 
tens of micrometers in lateral size with 8–10 QLs in thickness 
(Figure 2a,b).[30] By contrast, on h-BN substrates, Bi2Te3 crys-
tals were irregularly shaped without noticeable facets of denser 
population with smaller lateral size (a few micrometers) and 
thinner thickness (<4 QLs) (Figure 2c,d). This difference in 
crystal shapes implies that underlying substrates critically influ-
ence the vapor phase growth mode. The substrate-dependent 
growth characteristics of various low-dimensional nanocrys-
tals in both solution and vapor phase growth have been dis-
cussed for their growth mechanisms.[31,32] In general, within 
the framework of the nucleation kinetics model, a gas-phase 
growth reaction can be divided into two steps: (1) adsorption of 
vaporized precursors onto substrates and diffusion to the pref-
erential growth sites and (2) incorporation of precursors into 
existing nuclei. The rate-limiting step in our vapor phase crystal 
growth can be determined as either the diffusion-limited step 
or the reaction-limited step . On h-BN substrates, adatom diffu-
sion (Ds,h-BN) into the nuclei edge can be sufficiently faster than 
adatom diffusion D( )s,Bi Te2 3  on the pre-existing crystals. Con-
sequently, at the growth front, adatoms randomly incorporate 
onto nucleus edges, and therefore form irregular crystal shapes 
instead of thermodynamically stable facets. This assumption is 
qualitatively valid considering the lower surface energy of h-BN, 
γh-BN ≈ 65–75 mJ m−2, which lacks dangling bonds, than that 
of SiO2, SiO2γ  ≈ 300–400 mJ m−2,[33–35] as similarly discussed 
elsewhere.[36] On SiO2/Si substrates adatom diffusion D( )s,SiO2  
is relatively slow, due to surface roughness and dangling 
bonds of amorphous SiO2 (i.e., Ds,h-BN >Ds,Bi Te2 3 >Ds,SiO2), and 
crystal growth is limited by the incorporation reaction rate into 
nucleus. As a result, crystallization occurs at thermodynami-
cally stable lattice sites, producing distinct facets at the growth 
front. In our 2D crystal growth, the rate-limiting step can be 
further verified by observing the crystal shape evolution as a 
function of several growth parameters. For example, if growth 
is reaction-limited, facet growth is favorable at high vapor pres-
sure, and the crystal shape tends to become increasingly faceted 
as vapor pressure increases.[37] In our study, we observed such 
morphology variation by varying vapor pressure (Figure S2, 
Supporting Information), and thus we infer that the Bi2Te3 
crystal growth on h-BN occurs in the reaction-limited regime. 
Instead, on SiO2/Si substrates, the 2D Bi2Te3 crystals always 
crystallized to characteristic facets, regardless of the vapor pres-
sure; i.e., crystal growth is diffusion-limited.
We now discuss the second layer growth mode as the main 
theme of this work. The detailed heteroepitaxial relationship of 
Bi2Te3/Sb2Te3 stacks on h-BN was confirmed further by cross-
sectional transmission electron microscopy (TEM) investiga-
tions (Figure 3 and Figure S3, Supporting Information). The 
TEM specimens were fabricated using a conventional focused 
ion beam technique. The few-QL Bi2Te3/Sb2Te3 stacks were 
easily damaged during the ion milling, presumably due to 
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Figure 1. a) Schematics of sequential two-step stacking growth of the few-QL Sb2Te3/Bi2Te3 stacks on SiO2/Si substrates. b) A representative optical 
microscope image and an atomic force microscope (AFM) image of Sb2Te3/Bi2Te3 stacks on SiO2/Si substrate. Inset in the AFM image is the height 
profile along the white dotted line. c) Schematics of sequential two-step stacking growth of the few-QL Sb2Te3/Bi2Te3 stacks on h-BN substrates. 
d) A representative optical microscope image and an AFM image of Sb2Te3/Bi2Te3 stacks on h-BN substrates. The height profile in the AFM image 
show the top Sb2Te3 layer is 1 QL in thickness.
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thermal damage. Therefore we intentionally prepared thicker 
Bi2Te3/Sb2Te3 stacks of 10-QL thickness. Low-magnification 
TEM images were taken of the stacks on h-BN (Figure 3a), 
and high-magnification images were taken at Bi2Te3/h-BN 
and Bi2Te3/Sb2Te3 interfaces from which fast Fourier trans-
formation (FFT) patterns were extracted (Figure 3b,c). The 
few-QL Bi2Te3 grew epitaxially on h-BN with in-plane orienta-
tion relation of h-BN(10-10)/Bi2Te3(01–10) and out-of-plane 
relation of h-BN(0002)/Bi2Te3(00015). We also examined the 
heteroepitaxial relation between Bi2Te3 and Sb2Te3 stacks by 
using annular dark-field scanning TEM (ADF-STEM). The 
atomic contrast in images and intensity profiles along the c-
axis (Figure 3d) indicate that individual QLs of Bi2Te3 and 
Sb2Te3 were composed of the alternating layer sequence of 
Te–Bi–Te–Bi–Te and Te–Sb–Te–Sb–Te, respectively. Note that 
the intensity variation is weaker in Sb2Te3 due to small atomic 
number difference. Considering all these experimental obser-
vations, we can develop a schematic diagram of the heter-
oepitaxial orientation relation (Figure 3e). From Figure 3b, we 
extracted the (01–10) inter-planar spacing (d(01–10)) of Bi2Te3 
layers on h-BN, which corresponds to an a-axis lattice constant 
of 4.34–4.35 Å and, thus the in-plane lattice-mismatch was 
≈0.76%–0.96%. Additionally, we found that the a-axis lattice 
constant of Bi2Te3 layers is thickness-dependent and can be as 
large as ≈4.2% in the thinnest Bi2Te3 of 2 QLs (Figure S4, Sup-
porting Information). We have also obtained Raman scattering 
spectra on Bi2Te3 layers, in which one can expect red or blue 
shifts of Raman peaks, depending on the fact that the strain 
is tensile or compressive[24,38] (Figure S5, Supporting Infor-
mation). We find a blue-shift (≈2.4 cm−1) of the in-plane (E2g) 
vibration mode, while a red-shift (≈1.3 cm−1) of the out-of-plane 
(A21g) vibration mode in Bi2Te3 (6 QLs) on h-BN, comparing 
with those of Bi2Te3 crystals (5 QLs) on SiO2. In the meanwhile, 
aBi Te2 3  on SiO2/Si substrates was estimated to be 4.377–4.393 Å, 
which is almost identical to the bulk values.[28] This difference 
between the in-plane lattice parameters of the first Bi2Te3 layers 
on the two substrates also verifies that the first Bi2Te3 layers on 
h-BN are under significant compressive strain, but were relaxed 
on amorphous SiO2 substrates. We assume that the bottom Te 
atoms in Bi2Te3 minimize the inter-atomic columbic interaction 
energy by stacking on hollow sites in the h-BN lattices, instead 
of stacking directly on top B or N atoms; this stacking on hollow 
sites also occurs the InAs/graphene vdw epitaxy system.[39] We 
also confirm the heteroepitaxial relationship of Bi2Te3/Sb2Te3 
stacks on SiO2/Si substrate by in-plane TEM analysis (Figure S6, 
Supporting Information).
As discussed earlier in Figure 1, the second layer (Sb2Te3) 
growth mode on the first layer of Bi2Te3 is markedly different 
when the underlying substrate is h-BN or SiO2. On Bi2Te3/h-
BN, growth occurs layer-by-layer (Frank–van der Merwe mode), 
but on Bi2Te3/SiO2 it occurs by 3D island formation (Volmer–
Weber mode). Thus, the residual strain in the first Bi2Te3 layers 
has a significant influence on the second Sb2Te3 growth.[40–46] 
To determine the specific growth modes, we considered the 
degree of adatom surface diffusion during vapor phase growth 
of Sb2Te3 on Bi2Te3/h-BN and Bi2Te3/SiO2. Adatom surface 
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Figure 2. a,b) Growth schematics of the first few-QL Bi2Te3 crystals on a) SiO2/Si substrates and b) h-BN substrates. Representative optical microscope 
image and an AFM images of the few-QL Bi2Te3 on c) SiO2/Si and d) h-BN substrates.
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Figure 3. a) Low magnification cross-sectional transmission electron microscope (TEM) image of Sb2Te3/Bi2Te3 stacks on h-BN substrates. The h-BN/
Bi2Te3 and Bi2Te3/Sb2Te3 heterointerfaces are marked as yellow dotted lines. b) A high resolution TEM image at the h-BN/Bi2Te3 interface and the cor-
responding fast Fourier transformation (FFT) pattern of the h-BN and Bi2Te3 regions. c) A high angle annular dark-field (HAADF) scanning TEM image 
at the Bi2Te3/Sb2Te3 interface and the corresponding FFT patterns of Bi2Te3 and Sb2Te3 regions. d) (left and middle) High-magnification HAADF-STEM 
images of Bi2Te3 and Sb2Te3 layers, and (right) the contrast intensity profiles along the blue (Bi2Te3) and red (Sb2Te3) dotted lines. e) In-plane atomic 
configurations developed from the heteroepitaxial stacks of h-BN(10–10)//Bi2Te3(01–10) in (a–d).
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diffusion can be described by diffusion barrier energy (Ediff) 
which is the energy required to move an adatom between two 
adjacent nearest sites on a surface. Then, the diffusion coeffi-
cient (D) can be expressed as D = A·exp{–Ediff/(kT)}, where A, 
k, and T are the diffusion constant, Boltzmann constant, and 
temperature. In general, Ediff increases under tensile strain and 
decreases under compressive strain (Figure 4b),[40,42–44] where 
Ediff is the energy difference between the saddle point (VSP) and 
the binding site (VB). In our case, the saddle points are occu-
pied by the topmost Te atoms with the nearest distance and 
the binding site is a hollow atomic site in the hexagonal lat-
tice. With the presence of strain, the saddle point energy and 
the binding site energy vary differently in that strain-induced 
elastic dipole moment, called “force dipole tensor (m)” is much 
larger at the saddle points than at the binding sites (mSP > mB). 
Consequently, this situation can be expressed as a function of 
strain as 
E V V m m( )diff
SP B SP Bε ε ( )= − + −
 
(1)
where VSP and VB are the potential energy at the saddle points 
and at the binding sites under the unstrained condition, ε cor-
responds to strain exerted on the lattice, and mSP and mB are 
force dipole tensors at the saddle points and the binding sites, 
respectively.[40] On the compressively strained Bi2Te3, the equi-
librium distance between adjacent Te atoms are compressed out 
of the original positions as defined in unstrained Bi2Te3; as a 
result Ediff decreases D(equivalently increases)Bi Te2 3  for adatom 
surface diffusion (Figure 4b). Consequently, this enhanced sur-
face diffusion of adatoms facilitates stable edge nucleations 
for layer-by-layer growth (Figure S7, Supporting Information). 
Meanwhile during the growth on Bi2Te3/SiO2/Si, the adatom 
diffusion is slow over the relatively larger Ediff, and causes 3D 
island growth (Figure 4c,d).
The quality of the 2D Bi2Te3 crystals grown on h-BN (5 QLs) 
by the layer-by-layer growth were characterized by low tem-
perature electron transport at 2 K. Employing electron-beam 
lithography, we fabricated multiple electrodes for the mag-
netoresistance and Hall measurements as in the upper inset 
of Figure 5a. Figure 5a shows the longitudinal (Rxx) and Hall 
(Rxy) resistivity in the presence of the perpendicular magnetic 
field (B) up to 15 T. We estimated the 2D carrier density n ≈ 
1.1 × 1013 cm−2 from the linearly increasing Rxy as a function 
of B (the lower inset of Figure 5). The main panel of Figure 5  
shows Rxx smoothly changing with B. From these data 
sets, we estimate the electron mobility μ ≈ 2500 m2 V−1 s−1, 
implying possible observation of the quantum oscillation at 
high magnetic field ranges. In order to confirm high mag-
netic quantum oscillation in magnetoresistance, we subtract a 
smooth parabolic background Rxxpoly(B) obtained from a poly-
nomial fit (dashed line in Figure 5(a)) from Rxx(B). Figure 5(b) 
display the difference ΔRxx = Rxx −Rxxpoly versus 1/B. ΔRxx dis-
plays a sequence of oscillating features in uniform separation 
of Δ (1/B), suggesting the occurrence of Shubnikov–de Haas 
(SdH) oscillations in our samples at the high magnetic field 
range. The SdH oscillations, the successive emptying of the 
Landau levels with increasing magnetic field, can be due to the 
presence of the topological surface states in our Bi2Te3 crys-
tals grown on h-BN.[47,48] The reasonably high carrier mobility 
and the measurable conductivity quantum oscillations at low 
temperatures, which are comparable to molecular beam epi-
taxy grown crystals,[49,50] are notable for chemical vapor-phase 
grown crystals, supporting a high 2D crystal quality with min-
imum defects.
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Figure 4. a) In-plane atomic configurations defining in-plane lattice constant of Bi2Te3 ( )Bi Te2 3a  estimated from two different interplanar spacing 
dBi Te (01 10)2 3 −  and dBi Te (11 20)2 3 −  from FFT patterns of the TEM images. b) Schematics of adatom surface diffusion during the second step Sb2Te3 stacking 
onto Bi2Te3 surfaces. The relationship between the diffusion energy barrier (Ediff) and strain (ε) shows the change in Ediff in the presence of compres-
sive strain on Bi2Te3/h-BN stacks, compared to unstrained Bi2Te3/SiO2 stacks. Two different growth modes of Sb2Te3 on c) unstrained Bi2Te3/SiO2/Si 
substrates (3D island growth) and d) on compressive strained Bi2Te3/h-BN substrates (layer-by-layer growth).
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